Abstract: This paper presents a framework to integrate several sources of spatial information to derive a map of seismic vulnerability for the city of Arica, Chile, which has been historically affected by this natural hazard. The proposed method is based on generating a geographical database with different variables that are related to human activity, considering factors of potential reduction and increase of damage caused by a future earthquake. The spatial information was obtained from different sources, mainly remote sensing images, national and local census and field data collection. The map of seismic vulnerability was based on the estimated location of population, as well as the situation of critical installations and a map of construction fragility. Since population activity changes through the day, a dynamic cartography of vulnerability was produced, based on population density levels for different time periods. Construction fragility maps were derived from digital classification of an IRS-1C image, using textural features.
Introduction
After the end of the decade for the reduction of the natural disasters, declared by United Nations in 1990, a notable impulse has been given to the application of new technologies to land use management, in order to reduce the impact that natural disasters bring about. The great impact on economy and human lives caused by these disasters require the undertaking of a renovated effort to improve current tools of detection and management of risk.
Chile, as well as most countries affected by seismic risk, has approached the management of risk from two perspectives: the first one has stressed upon the post-event actions, throwing up deficiencies in risk prevention, because some measures of mitigation have not been sufficiently developed, such as improving population awareness or including risk factors in urban planning. Following this post-event approach, the scientific scope underlines the geophysical approach of the event, emphasising the analysis of seismic waves, but little effort has been dedicated to analyse and manage pre-event conditions, leading to poor prevention planning.
This paper summarises the results of a 3-year project that has tried to focus on the prevention phase. In this case, the seismic risk has been investigated in the city of Arica, located in the northern side of Chile, near the Peruvian border ( Figure 1 ). Currently, the city has almost 200,000 habitants and is an important cultural and economic centre of the Chilean North. The city has grown rapidly in the last few decades, being favoured by tax benefits and commercial activity. The Arica region faces one of the highest seismic risks in the country, with more than 970 registered earthquakes in the last 40 years. As it is well known, the concept of risk includes a physical component, associated in this case with the probability that an earthquake occurs, and a vulnerability factor, which accounts for the potential damage due to that event. We will focus on this latter part, which has been less covered by specialised literature. Since the study area is an urban site, the socio-economic impacts of the earthquake will be the most important factor considered for the potential damage. In the case of other study sites, additional aspects may be taken into account, such as vegetation or soil preservation.
Since the main expected damage is the one caused to the population of the city, the location of people becomes the most critical factor for the creation of a vulnerability map. However, people's location is not static, since people move during the day from home to work or to school, and therefore, a population density map needs to be adapted to this spatio-temporal variability.
Additionally, the potential damage of an earthquake on that population will be reduced or increased according to the proximity to some critical installations, which may mitigate or reinforce the effects of the seismic event. For instance, chemical industries may severely increase the negative effects of an earthquake, while proximity to hospitals clearly reduces it. Additionally, the fragility of the construction is a significant factor that needs to be considered in a vulnerability map, because the potential resistance to a seism is associated with the materials and building rules followed.
The following paragraphs describe the different methodological steps that were developed to obtain the seismic vulnerability map of Arica. All the variables generated were integrated into a Geographic Information System (GIS), designed for this purpose. Figure 2 includes the general framework of the variables and integration scheme that were used to generate the seismic vulnerability map [1] . 
Generation of spatial data
The first goal of our research was to generate several maps with the estimated population density of the different urban districts of Arica at different periods. Five periods were considered: from 08.00 to 14.30 hrs weekdays; from 14.30 to 22.00 hrs weekdays; from 22.00 to 08.00 hrs weekdays; from 08.00 to 22.00 hrs weekends and from 22.00 to 08.00 hrs weekends. The basic cartography to obtain these maps was the delimitation of the urban districts, which was considered as the basic geographical unit for this analysis. These districts were digitised from the municipality cadastral maps, updating and correcting some sectors from fieldwork.
The total number of residents in each district was considered as the reference population for the spatio-temporal density population maps. These data were obtained from the census statistics of 1995. The total population was divided by the district size to obtain the reference population density in each district. These values were assumed to be the population present in the different districts during the night periods (22.00 to 08.00 hrs weekdays and weekends).
To model the movements of this 'reference' population in the three other periods (from 08.00 to 22.00 hrs weekdays and weekends), information about school and university attendance, as well as location of industries, commercial districts and hospitals was to be obtained.
Additionally, other installations of the city needed to be considered, since they were critical for the mitigation of increase in seismic effects, as mentioned earlier. Following the American Nations Organisation guidelines [2] , the following critical installations were mapped in the city of Arica:
• infrastructure of public security and defence (firemen stations, hospitals and other centres of health and police)
• centres of population concentration (schools, cinemas, stadiums and sport installations, university, hotels, etc.)
• infrastructure of transport (bus terminals, railway stations)
• urban equipment (deposits of drinkable water, deposits of fuel, gas stations, centres for storing minerals and chemicals, etc.)
• industrial infrastructure (industries with deposits of corrosive, inflammable and toxic materials).
These installations were identified and located by field work, using a GPS receiver. They were assigned to the district where they were located for calculation of dynamic population density maps. Additionally, their coordinates were also considered individually to carry out some spatial analysis in the GIS. The third source of spatial information available for this study was a panchromatic image acquired the Indian satellite IRS-1C in 2000. This image was intended to provide update information for mapping construction fragility. The image was georeferenced to the local UTM projection system and the pixel size was converted from 5.8 m to 5 m pixel size.
Analysis of the critical installations of Arica
The critical installations of the city show a clear concentration in very specific sectors. In the town centre, hotels, institutions of higher education, and some schools of secondary and basic education are concentrated. Health centres are located around the hospital and clinics of the city. The industries with dangerous materials and the zones of storage of minerals and chemicals are located in the industrial district.
Critical installations, previously located, were classified into three groups according to their estimated impact in the case of a seismic event:
• Population accumulation centres: Buildings that gather people and, therefore, increase the spatial vulnerability (permanent or temporary) of the district where they are located.
• Menacing critical installations: That increase the negative effects of an earthquake
• Mitigating critical installations: Infrastructures that moderate the damages of the event.
The first group of buildings were critical in producing population density maps for the different periods, since they increase the concentration of people in the urban districts where they stay. Table 1 presents an estimate of people occupying the different types of buildings during the five periods of our analysis. These data were based on field survey and interviews. As might be expected, the larger concentrations of people occur during the weekday morning period: with a total volume of 26,765 inhabitants, diminishing considerably during the afternoons of the same days (14:30 to 21:00 hrs). The decrease in the number of students of basic education and universities during the afternoons explains this difference. In this way, buildings that are critical during the mornings, like the basic schools, lose this character during the rest of the periods of the day and the week due to the absence of students in the classrooms. Since the patterns of human occupation of the space change according to the population activities, the spatio-temporal analysis of population density (and therefore population that is potentially affected by an earthquake) was based on assuming increases or decreases of 'reference' population in each district during the day. For instance, for the weekday morning period (08.00 to 14.30 hrs), it was assumed that the reference population was decreased by the amount of students and workers in each urban district. The former was estimated from the population age distribution provided by the city, while the latter was based on the assumption that only males from 18 to 65 work outside their homes. This population, leaving their own district, should be added to those districts that have Schools/Universities or any economic activity (industries, offices, government buildings), which were estimated from the land use map. An example of the population density map finally generated is presented in Figure 3 . The menacing critical installations were considered on the basis of the type of danger that they present, considering that vulnerability is constant in time in these installations, during all the 24 hrs of the day. For this analysis, a map for each type of installation was generated, according to the estimated spatial radius of potential impact. These radii were proposed by Firemen of Chile. Figure 4 includes an example of these maps, showing the districts potentially affected by industries with dangerous material. Once this cartography was obtained, the population potentially exposed to an eventual collapse of the menacing critical installations was estimated, by cross-tabulation of the critical radius and population density maps. Table 2 presents the results. Finally, the potential effects of the mitigation buildings were also considered from spatial analysis of distances within the GIS. The distances between the hospitals and other health centres and the different districts of the city were computed, because in the event of a seismic phenomenon, the population would move to these installations. The population of police and firemen, who would move to the affected zones was analysed by means of calculations of distance from the menacing installations. This can be seen in the following map that shows the calculations of distance of the centres of primary attention, by means of a GIS (an example is shown in Figure 5 ). 
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Figure 4 Areas of possible impact on industries with dangerous materials
Digital processing of the IRS-1C image
Following authors like Cheng and Thiel [3] and Hartl and Cheng [4] , the heights of buildings can be calculated from the shadows observed in satellite images if the Sun's position is known, assuming the buildings are isolated and the ground slope is close to zero ( Figure 6 ). As for this study, the Sun-angle elevation (57.3°) was obtained from the IRS-1C image header and the shadow length was estimated visually in the central column of the shadow of the constructions, because this has less interference than other columns. This simple method is applicable in Arica, since most tall buildings are isolated and are prominent among the single floor houses. The results of this height estimation were verified in 20 buildings, selected by random sampling, with digital altimeters of high precision, with an average error of 1.5 m. This height map was used to map building construction quality, along with other variables extracted from the IRS-1C satellite image. Construction quality is a critical factor in vulnerability, but it is hard to map, since input information is commonly not available. The reliability of the buildings to resist an earthquake is related to their height and construction material. To simplify our analysis, different typologies of building construction resistance were defined. It was intended to obtain average values of this variable for each urban district used as spatial minimum unit in this study, since this variable should be integrated to the vulnerability variables previously described (population density, distances to critical installations). Although satellite images can only detect information from the roofs, there is a clear relation in Arica between roof material and construction quality and, therefore, satellite data were useful for this goal. The map of construction quality was derived from digital classification of the IRS-1C image, although visual analysis was also extensively used. To improve spectral characterisation of some roof types, the classification was performed from the height map, the original image reflectance, and some texture measures derived from the cooccurrence matrix [5] of digital grey-levels. Texture measurements based on this matrix have been successfully used to discriminate urban districts in previous works [6] [7] [8] . For this analysis, homogeneity and dissimilarity were computed from a 3 × 3 moving window on the IRS-1C image. These derived images were input along with the original digital values and heights to discriminate construction quality levels in Arica, following a supervised classification method. Selection of training areas was carried out from field work and GPS survey. The assignment of the pixels to these training categories was undertaken using the Maximum Likelihood criterion. Finally, a modal filter (3 × 3 pixel size) was applied to the results, in order to assign the dominant class to the different sectors of the city, thus generating the map in Figure 7 . The assessment of this map was accomplished from field work using a stratified random sampling approach. The global error was estimated as 18.7%. The different maps of vulnerability variables were integrated in a synthetic index by spatial cross-tabulation procedures in the GIS. First, all the input variables were converted to a common scale of seven values of risk, from 1 the lowest to 7 the highest. This reclassification was based on equal intervals for the population density maps and distances to critical installations, while a single risk value was assigned to each construction typology in the construction quality map. With distances to the critical installations as references, two different maps were generated, one with distances to mitigation centres and the other with distances to menacing installations. The former were assigned with a negative sign in the equation (reduction of vulnerability), while the latter with a positive sign.
The final vulnerability maps were classified in 10 classes from low to high vulnerability values. Figures 8 and 9 show two vulnerability maps corresponding to the periods of the mornings of labour days and weekends, respectively. The differences in spatial patterns between the two maps provide an interesting view of the spatio-temporal variation of vulnerability, either because of population movements throughout the city, or modifications of critical installations activity. Vulnerability levels increase from 1 to 10
Conclusions
In spite of the improvements in seismic prediction, there is still a large amount of uncertainty on when and where an earthquake will occur. Therefore, we believe that the efforts should also focus on estimating the potential effects of an earthquake in populated areas. Within this context, the present work has tried to outline a methodology to obtain maps of seismic vulnerability in urban environments. The method does not require sophisticated input data and provides a spatio-temporal view of seismic vulnerability. Therefore, it may be useful to countries where spatial information is not readily available. In this context, the interest of using remote sensing and GIS techniques is strongly emphasised. They may provide critical information (either original or derived) that is required for the assessment of vulnerability. For instance, in this study, the processing of a high-resolution satellite image has been very instrumental in obtaining maps of construction quality, which are critical in the estimation of seismic effects.
